The symbol pairwise error probability performance of the Alamouti space-time block code (STBC-Alamouti) and the STBC from the coordinate interleaved orthogonal design (STBC-CIOD) over Nakagami-m fading channels is investigated, especially with residual phase estimation error (PEE). The derived union upper bounds on the average BER are utilised to evaluate the effect of the residual PEE on error performance. Rigorous numerical results demonstrate that both STBCs can asymptotically achieve full-diversity even with the adverse effect of PEE in the high SNR regime.
Introduction: It is well-acknowledged that the residual phase estimation error (PEE) adversely affects the system error performance. The author in [1] derived the probability density function (pdf) of the PEE, referred to as the Tikhonov distribution, arising from the first-order loop in the phase-locked loop (PLL). Based on this result, the bit error rate (BER) of M-ary phase shift keying (PSK) modulation with PEE was evaluated in [2] . The authors in [3] investigated the BER of a direct sequence spread spectrum signal. Recently, the error performance of the signal space diversity scheme with PEE was analysed in [4] .
Most PEE research has been carried out for the single antenna system. By contrast, our purpose in this Letter is to investigate the error performance of the multiple antenna system incorporating space-time block codes (STBCs) with PEE. Especially, we consider two representative STBC schemes with two transmit antennas and multiple receive antennas in Nakagami-m fading channels: the Alamouti STBC (STBC-Alamouti) [5] and the STBC from the coordinate interleaved orthogonal design (STBC-CIOD) [6] . Thus, we analyse the effect of PEE on these two schemes, verifying that the derived approximate formulas for BER performance agree relatively well with the exact ones, and demonstrate the asymptotic full-diversity achievability for the considered STBCs even with PEE.
Error performance analysis of STBC-Alamouti with PEE: We derive the approximate expressions for the symbol pairwise error probability (SPEP), considering the effect of PEE, where the derivation is performed with consideration of the STBC-Alamouti over Nakagami-m fading channels with two transmit antennas (i.e. N T = 2) and N R receive antennas. For the Nakagami-m fading channels, the pdf of random variable α is p N (α) = 2m
is the gamma function, and m quantifies the degree of fading. In addition, the pdf of Tikhonov distributed PEE is p T (ϕ) = e ρcos(ϕ) /2πI 0 (ρ), where ρ > 0 is the tracking PLL signal-to-noise ratio (SNR) that is assumed to be proportional to the received SNR per bit g (i.e. r = k g) [3, 7] , κ is the proportional parameter for the PLL performance, and I k ( · ) is the kth order modified Bessel function of the first kind [8, (8.406-1) ].
For the transmitted symbol pair {s 1 , s 2 }, the received signals of the STBC-Alamouti scheme with PEE ϕ, after combining and channel matched filtering, can be expressed as
where ( · ) and · denote the time index and the Euclidean norm, respectively, j = NR r=1 ( h 1r 2 + h 2r 2 ), h tr represents the channel path gain between the tth transmit antenna and the rth receive antenna, and n r (t) denotes the additive white Gaussian noise at the rth receive antenna in time t.
In general, the average BER P b can be tightly upper bounded as [4]
where l is the number of bits for the Gray-encoded M-ary modulation, P(s ŝ) represents the average SPEP with a pairwise error event s ŝ, S denotes an arbitrary constellation as s [ S, and Ham(s,ŝ) stands for the Hamming distance between the bit sequences of s andŝ.
By exploiting the linear approximation technique proposed in [3] , the approximate average SPEP can be straightforwardly derived as
where 
where I(ρ) = I 1 (ρ)/I 0 (ρ), B( · , · ) is the beta function and
is the Gauss hypergeometric function [8] .
Moreover, we can also evaluate the asymptotically achievable diversity order of the 2-by-N R STBC-Alamouti with PEE over Nakagami-m fading channels. That is, from lim [8, 9] for high SNR (i.e. γ → ∞ and r = k g), the approximate formula in (4) can be asymptotically simplified into
From [9, 10] , the average SPEP can be asymptotically expressed as
, where G 1 and d ∞ stand for the coding gain and the asymptotic diversity order, respectively. Hence, from (5), we can evaluate the achievable coding gain of the STBC-Alamouti with PEE as G Error performance analysis of STBC-CIOD with PEE: In this Section, we derive the approximate SPEP of the STBC-CIOD with PEE over Nakagami-m fading channels. The transmitting symbols through the STBC-CIOD from the original symbol source S is given by [6] 
where s I = <{s}, s Q = ℑ{s}, and u opt = arctan (2)/2 = 31.7175 W for achieving full-diversity [9] . At the receiver, the combining received signals can be represented as r (1) r (2) = z s 1I e jf + jn s 2Q e jf + n I (1) + jn Q (2) n s 2I e jf + jz s 1Q e jf + n I (2) + jn Q (1)
where z = NR r=1 h 1r 2 and n = NR r=1 h 2r 2 . Symbols of the STBC-CIOD, which are distinct from those of the STBC-Alamouti, are affected from two independent channels, since the STBC-CIOD goes through the coordinate interleaving process. Hence, similar to the derivation for the STBC-Alamouti, the linearly approximate closedform expression for the average SPEP based on the relation [9, (1) and (2)] of the STBC-CIOD with PEE can be evaluated as
where
is the Appell hypergeometric function [8, 9] . The asymptotic closed-form formula for the average SPEP of the STBC-CIOD with PEE in Nakagami-m fading channels can be also obtained as
where we utilise F 1 ( · ; · , · ; · ; 0, 0) = 1 [9] . Thus, the corresponding achievable coding gain and asymptotic diversity order are evaluated as G Simulation results: In this Section, we verify the validity of the derived bounds through rigorous numerical results, where the QPSK modulation is considered. The wireless channel is assumed to be Nakagami-m distributed with m = 1.25. In addition, we consider the effect of the PLL performance by changing the value κ = {0.5, 1, 5} [7] . Fig. 1 shows the error performance of the 2-by-2 STBC-Alamouti with PEE. It shows the BER performance against received SNR g and the proportional constant κ. It can be observed that the derived bounds show the gap against the exact bound at the low and middle SNR regions, which is due to the influence of PEE. It is obvious that a full-diversity order of d ∞ = mN T N R = 1.25 × 4 = 5 can be asymptotically achieved at high SNR after all. In Fig. 2 , the error bounds of the 2-by-2 STBC-CIOD with PEE against g and κ are evaluated. As in Fig. 1 , it can be observed that the derived results for the STBC-CIOD with PEE also show good agreement with the simulation results, showing better robustness against the PEE than the STBC-Alamouti in the low and middle SNR regimes.
Conclusion: By exploiting the linear approximation for the residual PEE, we have derived the closed-form approximate formulas for the tight union bounds on the average SPEP of both the STBC-Alamouti and the STBC-CIOD with the Tikhonov distributed PEE over Nakagami-m fading channels and thus evaluated the corresponding achievable coding gain and asymptotic diversity order. Numerical results have revealed good agreement of the analytically derived results with the exact ones and the full-diversity achievability of both STBCs with the PEE of r = k g in the high SNR regime. 
